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Abstract

A combined theoretical and experimental study of the effect that concentration and ionic speciation have on the apparent diffusion
coefficient is performed using a nonreactive porous material in a divided cell diffusion apparatus. Varying the ionic species concentration
over two orders of magnitude changes the apparent diffusion coefficient by no more than 20% for the systems studied. By contrast, at fixed
ionic concentration, varying the ionic species changes the initial apparent diffusion coefficient by a factor of two. Over longer periods of time,
the apparent diffusion coefficient varies in time, increasing by a factor of ten or more. For one system, the macroscopic diffusion potential
across the specimen induces a transient negative apparent diffusion coefficient; iodide ions are transported from regions of low iodide
concentration to regions of high iodide concentration. The theoretical analysis shows that, in nonreactive porous systems, the behavior of all
the concentrations and species studied can be completely characterized by an electro-diffusion system of equations that contain two time-
independent constants: the porosity and the formation factor. The relationship between these results and the prediction of concrete

performance in the field is discussed. Published by Elsevier Science Inc.
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1. Introduction

There has been recent interest in the effect of ionic
strength on the apparent diffusion coefficient in cementi-
tious systems [1-5]. While a concentration-dependence has
been observed, its relative impact on the apparent diffusion
coefficient has not been compared directly to that of
speciation (the particular ionic species present). Ushiyama
and Goto [6] studied the effects of speciation on cement
pastes, but no direct comparison was made to the effects of
concentration. One possible reason for the lack of a direct
comparison is the complexity and stability of cementitious
systems and the relative difficulty of controlling the pore
solution speciation.

Recently, a commercial alumina porous ceramic frit has
been used as a model material for studying diffusive
transport in nonreactive porous systems [7]. Its low surface
charge makes this material an ideal candidate for a porous
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nonreactive substrate that can exhibit nearly ideal diffusive
transport characteristics since surface effects and binding
can be neglected. In addition, since the material is the result
of a controlled industrial process, the diffusive transport
properties are very consistent among replicate specimens.

Using the commercial frit as a model material, two series
of experiments were performed. The first series used solu-
tions of identical initial ionic species, with concentrations
varying over two orders of magnitude. The second experi-
mental series used identical initial ionic concentrations, but
with varying counter-diffusing ionic species.

Similarly, numerical calculations were performed using
the experimental parameters. The electro-diffusion equation
[8] was used as a mode! for diffusive ionic transport that
incorporates ion—ion interactions and accounts for the
electrical diffusion potential that arises. The electro-diftu-
sion transport equation was solved numerically and the
estimated diffusion cell concentrations recorded for compuu-
ison to experimental data.

In the absence of chemical reaction, the transport equir
tion characterizing ionic diffusion in concentrated clectio
lytes requires only two time-independent parameters: the
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porosity and the formation factor. The electro-diffusion
cquation and these two parameters are shown to be suffi-
cient o characterize the time-dependent behavior of the
experimental systems, including a time-dependent apparent
diffusion coefficient. Moreover, the transport equation was
capable of predicting the occurrence of a transient negative
apparent diffusion coefficient for one of the systems.

The fact that the apparent diffusion coefficient can vary in
time in nonreactive systems raises important questions
regarding the validity of using a linear Fickian transport
equation with an apparent diffusion coefficient to character-
ize the service life of a cementitious system. In contrast, a
properly formulated transport equation based on the electro-
diffusion equation, along with the porosity and the formation
factor, can fully characterize the time-dependent behavior of
multispecies transport in these nonreactive systems.

Studying nonreactive systems is a meaningful way to
verify current understanding of diffusive transport. The pore
solution of cementitious systems is composed of a concen-
trated electrolyte containing a diverse population of ionic
species. Service life models that attempt to simulate behav-
ior must rely heavily on their prediction of ionic transport
within the structure [9—11]. In order to have confidence in
the performance of a transport model of a cementitious
system, one must first be confident of the transport model’s
performance in an idealized system.

Validation of a diffusive transport model for cementitious
systems containing concentrated electrolytes is vital to a
service life model that also incorporates chemical reaction.
Precipitation and dissolution of minerals present within the
microstructure can have dramatic effects on the transport
coefficients. Accurate estimates of the extent of a reaction
can only be achieved with accurate estimates of the activity
of each species present [12,13]. Further, accurate models of
binding and chemical reaction require not only the ionic
activity, but must also consider the time-dependent competi-
tion among transport, binding and reaction [14]. Without
detailed knowledge of diffusive transport, models for depen-
dent processes such as chemical reaction and binding
become suspect since they depend on accurate estimates
of the species activity.

2. Coupled diffusive transport

Historically, ionic transport in cementitious systems has
been characterized by Fick’s law of diffusive transport [9].
The flux j; of the i-th ionic species is proportional to the
gradient in the amount-of-substance concentration ¢; of that
species, with the proportionality being the apparent diffu-
sion coefficient D} of that species | [5}:

j,- = —D?VC,' (l)

{Vector quantities are denoted in bold-type face.) For
concentrated electrolytes, this equation quickly becomes

inadequate due to ion—ion interactions. One method to
address this is to use a tensor diffusion coefficient [16] so
that ion—ion effects are incorporated in an empirical
manner. Unfortunately, this requires extensive experimental
data before one can apply this approach.

An alternative approach is to incorporate the ion—ion
interactions at a fundamental level so that one directly
calculates the effects of having other species present.
Fortunately, this can be achieved in a relatively straightfor-
ward manner. The electro-diffusion equation as a model for
the transport of ionic species has been used in solid-state
systems [8], biological systems [17,18] and cementitious
systems [4,5,19-22]. While it has been used to success-
fully characterize observed transport in cement and con-
crete systems, it is also useful for systematic studies of
transport in nonreactive porous systems. As such, it is a
powerful investigative tool for answering “what if” ques-
tions. Here, a systematic test of its applicability to porous
systems is undertaken.

The electro-diftusion equation is formulated first for a
bulk electrolyte. From this equation, the equation for a
porous material is formulated using the principles of
volume averaging over a representative elemental volume
(REV) [23].

2.1. Flux equation

The electro-diffusion equation for an electrolyte, referred
to elsewhere as the extended Nernst—Planck equation
[19,20,24], is a transport equation that characterizes flux
due to a gradient in the total chemical potential that is
composed of the internal chemical potential and the external
chemical potential due to an electrical potential [25]. Within
the electrolyte, the flux j; of the i-th species is proportional
to the gradient in the internal chemical potential 1, (molar
basis) and the gradient in the diffusive electrical potential
Wwp (electrochemical potential) [26]:

. =D,
Ji = ?T*C:V(uf +z.FPp) (2)

The quantity D; is the diffusion coefficient within the
electrolyte, z; is the ionic valence, F is the Faraday con-
stant, ¢; is the ionic amount-of-substance concentration, R is
the gas constant and T is the absolute temperature. The
diffusion potential ¥y, arises due to variations in the self-
diffusion coefficients of the various ionic species. The flux
relationship in Eq. (2) has implicitly incorporated the
Einstein relation between the diffusion coefficient D, and
the conventional ionic mobility u, [26] (Eq. (3)):

D; = RT u (3)

Although this relationship is not exact for increasing ionic
strengths, it is sufficiently accurate to capture the salient
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behavior of experimental systems, as will be demon-
strated subsequently.

The flux in Eq. (2) can be expressed in experimentally
measurable variables by converting from chemical potential
p; to chemical activity a;, which can then be related to
concentration through the mathematical construction of the
activity coefficient y; [27] (Eq. (4)):

a; = Y;C; (4>

Making these substitutions leads to the electro-diffusive
flux equation that is similar in form to those that have
appeared elsewhere {4,7,19,20]:

Bln'yi> F

Blnci Vc,-—ﬁz,-c,DiVIbD (5)

Ji= ‘Di<1 +

The activity coefficients can be calculated using the
Pitzer equations [28] and the method can be incorporated
into_a computer code such as was done for the PHRQPITZ
program [29]. The above flux equation, in conjunction with
the diffusion potential Up, is sufficient to describe transport
in nonreactive porous systems with negligible binding.

For this study, the diffusion potential was chosen in such
a manner as to ensure that the electrolytic solution remains
neutral; there is no excess charge. This is accomplished by
enforcing zero total current I everywhere (nil current
condition) [7]:

IT:]:ZZijiZO (6)

If the system is initially neutral (3 z,c;=0), the nil
current condition will ensure electro-neutrality [8,24]. This
approach is sufficient for diffusing species. An alternative
approach is to solve the Nernst-Planck—Poisson system of
equations [17,19,20].

2.2. Bulk equation

The previous system of equations, Eqs. (5) and (6), apply
only to the electrolyte within the pores. For porous materi-
als, one must be explicit whether the flux equation is for the
pore space or for the pore space and solid structure com-
bined (bulk). In this study, a bulk formulation is used. For
the electro-diffusive flux in Eq. (5), it has been shown
previously that the diffusion coefficient D, that appears in
Eq. (5) is the bulk microstructural diffusion coefficient
(D}'=D,), and is independent of the pore solution composi-
tion [7]; interactions within the pore solution are accounted
for in the remaining terms in the equation. For a porous
material with a formation factor F, the bulk microstructural
diffusion coefficient appearing in Eq. (5) is proportional to
the self-diffusion coefficient D° [7]:

D} =— (7)

The self-diffusion cocfficient ol i wonie species s s
diffusion coefficient in water i the Lt of ainfine
dilution [30]. Eq. (7) reflects the fact that the bualk
microstructural diffusion coefficient 1" depends on the
species i. It is important to realize that 1! s not the
apparent Fickian diffusion coefficient D}'. Rather, 1t sipls
characterizes the diffusion of an ionic species in the

absence of electrostatic interactions.

Use of the formation factor originated in geological
research and has been defined as the ratio of the con-
ductivity of a pore solution o, to the bulk conductivity o),
of a insulating porous material filled with that porc
solution [31]:

F=r (8)
Ob

In principle, the formation factor is a constant, at
constant porosity and tortuosity (absence of chemical reac-
tion with solid microstructure), for a particular porous
material, and is independent of ionic species [7]. Since
the self-diffusion coefficient of an ionic species is also a
constant (at constant temperature), the flux equation for the
N species has been reduced from a system of N equations
with N apparent diffusion coefficients, as shown in Eq. (5),
to a system of N equations with only a single parameter, the
formation factor.

In practice, determining the formation factor must be
performed with some care. In porous systems containing
sufficient surface charge, the ratio of the pore solution
conductivity to the bulk conductivity will depend on the
pore solution concentration [32,33]. This concentration
dependence is due to a surface conduction contribution to
the measured conductivity [34,35]. In principle, this effect
can be isolated, yielding the true microstructural formation
factor that is required in the equations used here.

2.3. Time-dependent equation

The time-dependent behavior of the electro-diffusive
system can be derived from conservation of mass. For a
porous system with constant porosity ¢, the rate change in

concentration is proportional to the negative divergence of
the bulk flux j5:

(96',‘ _ b
T V'ji

D dlny, F D
=Zivy. (1 i It 1 v P v T ¢
AV < + 8lnci>vC,+RTz, VeV, (9)

This time-dependent equation and Egq. (6) form
system of equations containing two variables (¢ and y,)
and two parameters (¢ and F'). Since the variables vy, and
Pp can be calculated from the physicochemical propertics
of the electrolyte, the two parameters ¢ and / completely
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Fig. 1. The pore solution conductivity ¢, and the corresponding bulk
conductivity oy, for the resin system of McDuff and Ellis [38] and the frit
systems used here.

characterize the time-dependent behavior of systems with
arbitrary speciation.

Characterizing the electro-diffusion transport by Egs. (9)
and (6), which have the porosity and the formation factor
as the only adjustable parameters, has great experimen-
tal advantages. The porosity of a cementitious material
can be determined by a number of methods such as
standardized test methods or mercury intrusion poro-
simetry. The formation factor can be determined from
conductivity measurements [36] and pore extraction {37].
Therefore, it is conceivable that one could use appropriate
transport equations to accurately predict the diffusive

1 e Y
NaCl/KI

¢ 0.01 mol/L 1
» 0.10 mol/L. ]
4 1.00 mol/L

0.1 L 1 ! l ) i L 1 .
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transport in a cementitious system without performing
any diffusion measurements.

3. Porous frit

The diffusion experiments were performed on a com-
mercial porous frit composed of a sintered alumina ceramic
(99.8% alumina) measuring (50.76 £0.04) mm in diameter
and (6.48 +£0.03) mm thick; the uncertainty is an estimated
standard deviation calculated from seven frits. The porosity,
estimated from mercury intrusion porosimetry analysis, was
approximately 0.26. The pore size distribution was concen-
trated between 350 and 450 nm, consistent with the man-
ufacturer’s intended use and published specification of a
pore size less than 500 nm.

The alumina frit was regarded as a nearly ideal porous
medium for studying diffusive transport. The alumina is
chemically stable when in contact with solutions having a
pH near 7. In addition, conductivity measurements suggest
that the frit has a relatively low surface charge. As defined
in Eq. (8), the formation factor £ is calculated from the ratio
of the pore fluid electrical conductivity o, to the bulk
electrical conductivity o, with that pore fluid. The calcula-
tion can be repeated for different pore solutions with varying
values of o,

Such an experiment was performed in 1979 by McDuff
and Ellis [38] on a model porous material composed of a
packed column of cation exchange resin. Their raw data for
large pore solution conductivities are denoted in Fig. 1 as
filled circles. Linear ordinary least squares regression
applied to the data reveal a positive intercept of
(0.68 £0.17) S/m; the uncertainty is an estimated standard
deviation. Similarly, one of the frits was saturated with

KCUKI 1

e 0.01 mol/L .
= 0.10 mol/L ]
4 1.00 mol/LL

0.1 . L . L . L | .
0 2 4 6 8 10

t(v, " +v,”") (hiem®)

Fig. 2. Concentration difference A of iodide (filled symbols) for the (a) NaCl/KI and the (b) KCVKI systems; the time ¢ is scaled by the vessel volumes v, and
v,. The lines shown are the result of the linear regression analyses reported in Table 1. The measurement uncertainties were approximately the size of the

symbols used.
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different standard potassium chloride conductivity solutions
[39]. and the data are shown in Fig. 1 as filled triangles.
For the fiit, the intercept was only (0.00258 +£0.00025) S/
m. Since the intercept is proportional to the surfacc charge
of the material [40], one expects that the surface charge of
the frit is a factor of 263 times smaller than that of the
resin. Although this does not imply that the surface charge
on the frits is negligible, the data presented herein will
show that an analysis that neglects binding still captures all
the salient features of the effect speciation has on the
diffusive transport of ions through these ceramic frits.

4. Experiment

The divided cell arrangement was used as the experi-
mental apparatus because of its procedural simplicity. Since
the ceramic specimens have a relatively large diffusion
coefficient with respect to hydrated cement paste. usable
data could be collected within a reasonable period of time.
As mentioned previously, the ceramic material had a rela-
tively small surface charge, surface adsorption effects could
be neglected. The result is a material that should exhibit
nearly ideal diffusive transport properties.

lodide was chosen as the measured ionic species because
commercial solid-state ion selective combination electrodes
for iodide have experimental advantages over chloride
electrodes. For each measurement, the clectrode was stan-
dardized using reference iodide solutions.

Each ceramic frit was first mounted, using cpoxy, into an
acrylic annulus. After the epoxy had cured, the sample was
saturated with a potassium iodide (K1) solution. The satu-
rated frit was then clamped between two glass vessels, each
having a capacity of approximately 250 mL. using rubber
o-rings to make a water tight seal. One vessel was then filled
with the same KI solution and the other vessel was filled
with a test electrolyte. Both vessels were sealed to reduce
evaporation, and then placed inside a walk-in environmental
chamber maintained at 25 °C. All sampling and concentra-
tion measurements were performed within the chamber in
order to ensure stability in both the diffusion and the
measurements; there is a nominal 2 %/°C variation in the

Table 1
Absolute value of the slopes caiculated from the data for the NaCl/K1 and
the KCI/KI systems in Fig. 2, regressed to a linear model

Species Concentration (mol/L) |Slope| (em*/h)
NaCI/KI 0.010/0.010 0.2365+0.0051
0.100/0.100 0.2120+0.0024
1.024/1.000 0.1931£0.0059
KCI/K1 0.010/0.010 0.1923+0.0039
0.100/0.100 0.1978 £0.0029
1.000/1.000 0.2101+0.0024

The uncertainties shown are the estimated standard deviations reported by
the regression software, with a corresponding coverage factor of k=1,

self-diffusion coefficient as a function ol temperature [30].
and the concentration measurement precision improved
within the stable environment. Additional details of the
experimental proccdure are given elsewherce [7].

5. Analysis

The analysis of the experimental diffusion data is based
on the “constant gradient” assumption [7]. For relatively
large vessel volumes and a relatively thin specimen, the
concentration profile across the specimen, after a suitable
initialization time, is nearly a straight line. Based on this
assumption, the concentration gradient across the sample is
a constant, equal to the difference between cell concentra-
tions, divided by the sample thickness L. Under these ideal
conditions. Fick’s law (Eq. (1)) should apply. For vessel
volumes v; and v-» and sample area A, the difference in
concentration A between the two vessels can be shown to
decay exponentially [7,41]:

A —D*4
— = ex
A P

() (10)

The quantity Ap is the concentration difference at the
onset of a linear concentration profile. Based on Eq. (10), a
semi-log plot of the concentration difference between the
two vessels should appear as a straight line under ideal
conditions; the magnitude of the slope being proportional to
the apparent diffusion coelficient D", Deviations [rom a
straight line will indicate behavior that cannot be modeled
by Fick™s Taw with o constant apparent diffusion coelficient.

6. Results

The results are separated for the two series of experi-
ments. In the first series, the ionic species present were kept
constant and the initial iodide concentration differences
were varied. In the second, the initial jodide concentration
was held constant, and the other species present were varied.

6.1. Varving concentration

The experiments with varying concentration were per-
formed with either potassium chloride or sodium chloride as
the counter-diffusing electrolyte. Plots of the experimental
results are shown in Fig. 2. For both the KCVKI and the
NaCl/K!I systems, the data exhibit virtually linear behavior
on the semi-logarithmic axes. The apparent linear behavior
suggests that these systems behave in a nearly “ideal”
manner, and can be characterized accurately by Fick’s law
in Eq. (1). This ideal behavior is caused by the nearly equal
self-diffusion coefficients for potassium, chloride and
iodide. The corresponding electrical diffusion potential
across the sample is relatively small.
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Fig. 3. Concentratlon difference A of iodide (filled symbols) as a function of scaled time. In (a), results from linear regression (solid lines) for

v 1+V7
v~

') <8 Wem?; the calculated slopes are reported in Table 2. In (b), the electro-diffusion equation (solid lines) is used to estimate the formation factor

F at long times; the calculated values of £ are shown in Table 2. The error bars represent an estimated standard deviation.

The magnitude of the slope calculated from the data at
each concentration is reported in Table 1. The uncertainties
reported are the estimated standard deviations reported by
the regression software, and have the corresponding cover-
age factor [42] k=1. The slopes for the NaCl/KI systems
decreased by 18% as the iodide concentration increased.
The slopes of the KCVKI systems increased by 9% as the
iodide concentration increased. Therefore, it is possible to
observe both decreases and increases in the apparent diffu-
sion coefficient as the concentration increases.

While the differences among slopes, being greater than
the estimated uncertainties, suggest that the concentration
dependence is statistically significant, for practical use,
these variations are minor. Any chemical reactions that
might occur within the cementitious matrix can alter the
diffusion coefficient, easily overwhelming a 20% variation
in the apparent diffusion coefficient due to variations in
the concentration.

Table 2
Magnitude of the slope for data shown in Fig. 3a, regressed to a linear

model for (v, ~ ' +v, ~ ') <8 h/em’

Counter solution Concentration (mol/1) ISlope| (cm?/h) F
K,CO5 0.0769 0.1581+£0.0014 1.7
H,SO, 0.0859 0.1688+0.0075 9.6
MgSO, 0.1660 0.1867 £0.0022 13.5
KCl 0.1000 0.1978 £0.0029 1.4
NaCl 0.1000 0.2120£0.0024 11.8
KOH 0.0879 0.2333+0.0034 11.2
CaCl, 0.0731 0.2801 £0.0089 12.8

For each system, the KI concentration was 0.10 mol/l. Also shown are the
values for the formation factor F used to produce the solid curves Fig. 3b.
The uncertainties shown are the estimated from standard deviations
reported by the regression software, with a corresponding coverage factor
of k=1.

6.2. Varying speciation

The experiments with varying speciation were performed
with KCl, NaCl, KOH, K,COs, CaCl,, H,SO, and MgSO,
as the counter-diffusing electrolyte. In all cases, the initial
concentration of KI was 0.10 mol/L. The concentration of
each counter-diffusing electrolyte was varied to eliminate
the osmotic pressure gradient across the ceramic specimen;
it is not asserted that the values used here were ideal.

The relative concentration differences A/A, are shown in
Fig. 3, and the analyses of the data are divided between the
“*short” time and the “long” time results. In Fig. 3a a linear
model is regressed to the data for which #(v, ~'+v, 1)
<8 h/cm’. The results from the linear regression analyses
are shown in Table 2, and the corresponding lines are shown
in Fig. 3a. The uncertainties reported are the estimated
standard deviations reported by the regression software,
and have the corresponding coverage factor [42] k=1.
Based on these results, the CaCl,/KI system and the
K>CO3/KI system represent the extrema, and are shown in
Fig. 3b over a longer time, along with the KCI/KI system as
an example of nearly ideal behavior.

The results from the linear regression given in Table 2
give an indication of the effect speciation can have on the
observed diffusion coetficient. The magnitude of the slopes
shown in the table varies by nearly a factor of two. This
contrasts the previous 20% change in the slopes due to
changes in concentration.

7. Discussion

The data for each system were analyzed using Eq. (9).
The porosity was fixed at 0.26 and the formation factor was
the only remaining free parameter. The value of the forma-
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Fig. 4. The ratio of the apparent diffusion coefficient DY to the
microstructural diffusion coefficient D" (Eq. (7)) of iodide for the various
counter diffusing electrolytes. as a function of time 1.

tion factor F required to best approximate the experimental
data is shown in Table 2 for each system. The coefficient of
variation for these values was approximately 10%. The
corresponding results are shown as solid curves in Fig. 3b.
The curves for the other systems are not shown for clarity.
Moreover, remaining systems had only minor curvature
by comparison.

The CaCl, and the K,CO; data are shown in Fig. 3b to
delineate the envelope over which the concentrations
could vary over long times. Note that the slope of each
curve is not a constant. While the change in slope for the
K,CO4/KI system is gradual, the change in slope for the
CaCl,/KI1 system is dramatic. Therefore, characterizing
the iodide transport in the CaCl,/KI system using Fick’s

NA,

-0.2 | | s L L

law and a constant apparent diffusion coefficient is unwar-
ranted. Further. the apparent iodide diffusion coefficient
decreases in the K-COs/KI system and increases in the
CaClo/K1 system. Any ‘“‘adjustments™ to an apparent
diffusion coefficient to account for one system would
certainly not be applicable to another. This is analogous
to determining the apparent diffusion coefficient under one
set of experimental conditions and using that to predict the
behavior of the concrete in the field under a different
species exposure.

The electro-diffusion equation can be used to quantify
the magnitude of the nonideal behavior within each system.
The apparent diffusion coefficient can be calculated at any
time by using the slope of the curve calculated from the
electro-diffusion equation. The calculated time-dependent
apparent diffusion coefficient D* can then be compared to
the constant microstructural diffusion coefficient D". The
ratio of these two coefficients is shown in Fig. 4 for all of
the systems.

The curves shown in Fig. 4 express quantitatively the
deficiency in characterizing multispecies diffusion with a
single apparent diffusion coefficient. Accurately character-
izing the diffusive transport of iodide in these nonreactive
systems using Fick’s law requires an apparent diffusion
coefficient that must vary in time. For the CaCl,/K] system,
the apparent diffusion coefficient increases by a factor of 5
at 60 days.

The behavior of the CaCly/KI system at very long time
was very interesting. The curve for the CaCl,/K1 system in
Fig. 3b appears to be diverging at long times. Analyzing the
experiment using the electro-diffusion equation, one expects
that the concentration difference between the vessels will
eventually become negative. The measured concentration
differences A for the CaCly/KI system beyond 60 days are
shown in Fig. 5a on a linear scale. After approximately

1.0

0.8

0.6

0.4

0.2

0.0

Fig. 5. Concentration difference A of each diffusing species in the (a) CaCls/KJ and the (b) KoCO+/KI systems. each as a function of time 7. The crror bars

represent an estimated standard deviation.
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70 days, the observed concentration difference was, in fact,
negative. As a means of comparison, the corresponding data
for the K,CO3/KI system are shown in Fig. 5b.

A negative concentration difference A is significant.
Based on Eq. (1), when the concentration difference A
becomes negative, the concentration gradient Ve changes
sign. Since the experimentally measured flux is still pointing
in the same direction, Eq. (1) is satisfied only by having a
negative apparent diffusion coefficient D®. Similarly, based
on Eq. (1), the only way to diffuse a species from regions of
low concentration to regions of higher concentration is
through a negative diffusion coefficient. This unphysical
apparent behavior is due to the macroscopic diffusion
potential that arises from the electrostatic interactions that
are not accounted for in the Fick equation (Eq. (1)), but are
accounted for in the electro-diffusion equation (Eq. (9)).

Also shown in Fig. 5 are the relative concentration
differences for all the species present, as calculated by
Eq. (9). For the CaCl,/KI system, the “slow” species is the
Ca® " ion. For the K,CO5 system, it is the CO5> ™ ion. The
effect of these two ions is to greatly control the macroscopic
diffusion potential across the specimen. The relatively slow
moving Ca” " ions contribute to a diffusion potential in the
CaCl; vessel that is positive with respect to the KI vessel.
Correspondingly, the CO3” ™ jon contributes to a negative
potential with respect to the KI vessel. The result is a
macroscopic diffusion potential that attracts the iodide ion
to the CaCl; vessel, and repels it from the K5CO; vessel. In
the CaCl,/KI system, the macroscopic diffusion potential is
sufficient to drive iodide from the KI vessel to the CaCl,
vessel, even though the {odide concentration in the KI vessel
is less than that of the CaCl, vessel. In time, the diffusion
potential decreases and the concentration difference A
approaches zero again.

8. Conclusions

The effect of speciation on the apparent diffusion
coefficient of an ion can be dramatic in a nonreactive
porous material. For the systems studied, the effect of
concentration was to change the apparent diffusion coeffi-
cient by no more than 20%. By contrast, the effect of
speciation on these nonreactive systems studied was to
vary the apparent diffusion coefficient by nearly a factor of
two at relatively short time. At long time the apparent
diffusion coefficient became strongly time-dependent for
some species. Such systems cannot be modeled using
Fick’s law and a constant apparent diffusion coefficient.
Further, for one system studied., the apparent diffusion
coefficient diverged to infinity, and then became negative
for a period of time, due to the diffusion potential. The
long time behavior of all the systems studied could be
accurately characterized by an electro-diffusion equation
containing only two time-independent parameters: the por-
osity and the formation factor.
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